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Flowmotion (blood flow changes due to vasomotion) in the skin over a risk area for 
pressure sores, the sacrum, and a non-risk area, the gluteus muscle, was evaluated by laser 
Doppler fluxmetry during resting conditions and post-occlusive reactive hyperaemia (PRH) 
response, Measurements were made in healthy younger subjects and in two risk groups for 
pressure sores-spinal cord injured (SCI) and the elderly, The SCI were divided into two 
subgroups, one with and one without distinct flowmotion seen on the original recordings 
over the sacrum, The Prony spectral line estimation (PSLE) method was used to determine 
the power spectrum of the flowmotion activity, During the PRH, flowmotion frequencies 
were found in two separated bands, 5.4-6.6 cpm (cycles min-i) and 7.8-9.0 cpm. In the 
subgroup without distinct flowmotion, the PSLE method found flowmotion frequencies 
similar to the other groups. During the PRH, the flowmotion power pattern over the 
sacrum was similar within all groups, but the power was extremely low in one subgroup of 
SCI subjects. To conclude, flowmotion (vasomotion) was present in the two skin areas and 
increased during the PRH response, reaching a maximum within 50 s. This study shows that 
the flowmotion frequencies might be locally driven, whereas the power might be centrally 
mediated. Disturbances in microcirculatory flowmotion can be a part of the mechanisms 
leading to skin ischaemia and pressure sores. A new method has been developed for 
analysing differences in flowmotion behaviour such that statistical comparisons can be 
made. 
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Introduction 

Tissue breakdown in the skin, leading to pressure sore 
formation, is a common complication among patients 
with spinal cord injuries, especially during their imme­
diate post-injury period,l and among elderly patients in 
close relation to a hip fracture.2 A deep pressure sore 
will interfere with the patient's quality of life, affect the 
rehabilitation, and increase the cost for wound healing. 

Pressure sore formation is a multifactorial process 
which has recently been addressed in a new way, by 
evaluation of the skin microcirculation under various 
conditions from one of the most susceptible areas, the 
sacrum area. 3-7 .The microcirculation in the sacrum 
area in these two well-known risk groups showed 
impairment in the transitory increase of cutaneous 
blood flow, the so-called reactive hyperaemia response. 
Reactive hyperaemia response is an indication of 
recovery to meet the demands for repair which follow a 
period of arterial occlusion. Impaired reactive hyper­
aemia in SCI patients occurs when there is neuronal 

damage, in which case it is often accompanied by a high 
resting blood flow. 3 In elderly patients the impairment 
could be due to either a relatively decreased micro­
vascular density that is known to occur with age, or to a 
reduced blood flow in the skin microcirculation.4 

Rhythmic variations of the microvascular flow, 
identified as flowmotion (blood flow changes due to 
vasomotion), have been registered from the sacral area 
both during resting conditions and during the decreas­
ing phase of the post-occlusive reactive hyperaemia 
response.3,5 Vasomotion is defined as spontaneous 
rhythmic variations in the diameter of the small vessels, 
caused by contractions and relaxations of the muscular 
components of their walls. Its activity is centrally 
mediated through the nervous system and circulating 
hormones, but is also locally controlled by myogenic 
mechanisms.8,9 In terminal arterioles vasomotion has 
a local origin,10 and it is postulated to be due to 
a vascular pacemaker-like mechanismll that can be 
influenced by the perfusion pressure, causing the 
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arterioles to constrict and dilate spontaneously. 
Secomb et al12 have drawn the important conclusion, 
that the essential function of vasomotion must be to 
modulate mass transport in ways that are not possible 
under static conditions. Thus, vasomotion is believed to 
be a normal phenomenon in small arteries and arteri­
oles,13 and it is an important mechanism for regulating 
the blood flow in the terminal arterioles and the 
subsequent downstream capillaries, supplying adequate 
amounts of oxygen and nutrients to ischaemic areas, 
washing away waste products from vascular tissues, and 
it serves as a positive influence in maintaining an 
effective venous outflow as well. It has been shown,14 
that the average value of flow in a vessel is highly 
dependent on the detailed shape of the time variation 
of the vessel diameter. 

Most reports on cutaneous flowmotion are based on 
measurements using the laser Doppler technique,15 but 
to our knowledge no analyses of the different frequency 
and power components of flowmotion in a high risk 
area for pressure sore have previously been made. 

The aim of the present investigation was to evaluate 
the effects of locally applied skin pressure on the 
flowmotion of the skin microcirculation, in both a high 
risk and a non-risk skin area for pressure sores, and to 
characterize the spectral composition of the flow motion 
patterns using the Prony spectral line estimation 
(PSLE) method. 

Methods 

Subjects 
Fifty subjects were studied. All SCI and most of the 
elderly subjects had previously had pressure sores, but 
none had any sign of tissue damage or ulcer in the areas 
studied at the time of the investigation. Arterial blood 
pressure was measured and mean blood pressure 
(mBP) is defined as the diastolic blood pressure plus 
one-third of the pulse pressure. The subjects were 
divided into the following groups. 

Group 1 (G1) comprised 10 healthy subjects with 
a mean age of 36 years (range 22-54), and a blood 
pressure (BP) of 128/70 ± 4/2 mm Hg with a mBP of 
90 ± 2 mm Hg. 

Group 2 (G2) comprised 20 elderly subjects with a 
mean age of 80 years (range 67-97), and a BP of 
150/84 ± 5/2 mm Hg with a mBP of 106 ± 3 mm Hg. 
This group comprised 10 elderly subjects living at home 
(mean age 74 years, range 67-84), and 10 patients 
permanently institutionalized on a geriatric ward (mean 
age 85 years, range 74-97). 

Group 3 (G3) comprised 20 subjects with a spinal 
cord injury (SCI), a mean age of 38 years (range 
21-53), and a BP of 118/73 ± 3/2 mmHg with a mBP 
of 88 ± 2 mm Hg. This group comprised 10 tetraplegic 
subjects (mean age 38 years, range 21-53) with spinal 
cord injury at the C2-7 level, and 10 paraplegic subjects 
(mean age 39 years, range 23-53) with spinal cord 
injury at the T5-12 level. All had been injured for at 
least 1 year. 

Design 
The local skin microcirculation was characterized using 
the laser Doppler fluxmeter (Periflux® PFlb, Perimed, 
Stockholm, Sweden). The measurements were per­
formed at a bandwidth of 12 kHz, a gain setting of x 10, 
and a time constant of 0.2 s. These settings were found 
to be optimal for recording the post-occlusive reactive 
hyperaemia response. The laser Doppler fluxmeter was 
connected to a pen recorder using a paper speed of 
120 mm min -1 . The measurements were made over the 
sacrum, in an area 10-12 cm below a line between the 
iliac crests. The reference point over the gluteus 
maximus muscle was situated on a line from the sacrum 
to the greater trochanter in an area 10-12 cm from the 
midpoint of the sacrum. 

An external pressure was applied to the skin with a 
specially designed device which has been previously 
described.6 This device consisted of a pivoted arm 
equipped with a pressure cup on its front end. The 
pressure cup was made of plexiglass and had a loose 
bottom disc which could be fastened to the skin with 
double-sided adhesive tape. The laser Doppler probe 
was placed in a probe holder fastened to the center of 
the bottom disc. In order to study the PRH response, 
the pressure cup was lifted from the skin, leaving the 
bottom disc and the laser Doppler probe attached to 
the skin.4 

The patients were made comfortable in the prone 
position, while the laser Doppler output was observed 
for artefacts and transients which usually disappeared 
after an initial period of approximately 10 min. At this 
time a control record of the SBF at rest was taken, 
lasting 3 min. Arterial occlusion was then performed 
for 3 min with an external skin pressure of 400 mm Hg 
(53.3 kPa). During the arterial occlusion the laser 
Doppler signal fell to a level slightly above the zero 
value of the instrument, the so-called biological zero 
value.16 There is no need to take this value into account 
in analyses of flowmotion activity. When the pressure 
was released the laser Doppler signal increased, 
reached a peak value, and then decreased. The PRH 
was recorded during 9 min after pressure release. 
Rhythmic variations of the laser Doppler signal (flow­
motion) were registered both during resting conditions 
and the PRH period. The mean room temperature was 
23.2 QC (range 20.9-24.4 QC). 

Data analysis 
The numerical evaluation of the spectral content in the 
flowmotion patterns on the relatively short original 
SBF recordings at hand has been based on the so-called 
Prony spectral line estimation (PSLE) method.17 The 
main advantage of the PSLE method is its ability to 
analyze short data records, in contrast to the fast 
Fourier transform (FFT), as has been shown by Meyer 
and Intaglietta.18 Due to its good capability for fre­
quency resolution, it is especially well suited for 
analysis of data sequences related to vasomotion, that 
contain a finite number of local oscillators. 

In order to study how the flowmotion characteristics 



changed during the course of time, the time axis was 
divided into three adjacent, non-overlapping intervals 
(Figure 1, time windows: Tl, T2, T3), each 25 s long, 
starting from the point of the peak SBF. The original 
recordings of the PRH response were accordingly split 
into three segments, one for each time window. The 
recordings of the resting conditions (RF) were also 
analyzed using a time window of 25 s. 

In order to make statistical comparisons possible 
between different groups of subjects, some essential 
attributes have to be extracted from the outcome of 
the PSLE evaluation. Here, only a short qualitative 
description is done. Two characteristic features are 
defined for the flowmotion pattern: (1) a measure of 
its strength, named the power; and (2) a measure of 
its rapidity of variation, named the center frequency. 
Both these features are first computed for each 
individual SBF record segment, and thereafter group 
mean values of these features are computed. Subse­
quently, traditional statistical methods for comparison 
of arithmetic mean values can be used. Further, the 
PSLE method implies that the power is built up by 
contributions from several frequencies. The relative 
strength of these contributions is presented in the form 
of a so-called power spectrum. A quantitative mathe­
matical description of these concepts is presented in 
Appendix 1. 

Others have previously evaluated flowmotion fre­
quencies manually, by counting the number of relative 
maxima per minute. For the purpose of comparison, 
the frequency with the dominant amplitude of each 
record has been manually evaluated in this study, partly 
for the period of resting conditions and partly for the 
PRH period (75 s). The mean value obtained this way, 
named the dominant frequency for the time period 
studied, has been compared with the center frequency 
determined from the PSLE analysis. In this comparison 
the arithmetic average of the center frequencies for 
the three time windows (Tl-T3) of the PRH period 
was used. 

Group data for frequency and power are presented 
as mean values ± standard error of the mean (SE) in 
the tables, and with error bars (SE) in Figure 2. 
Normality tests were performed which showed that the 
data, in relevant cases after performing a square root 
transformation, did not show any significant deviations 
from normal distributions. The group data were then 
compared using the paired or unpaired Student's t test. 
A P value of 0.05 or less was considered significant. 

A test for reproducibility of the skin flowmotion was 
made in one subject from G 1 on five separate occasions 
during a period of 2 weeks. Measurements were made 
over both the sacrum and the gluteus regions. On 
all occasions, rhythmic variations of the SBF during 
resting conditions and the PRH response were ob­
served and the dominant frequency was evaluated. The 
coefficient of variation for this frequency was 6% for 
each area. To determine whether a systematic differ­
ence existed between the first and the last test, we used 
Student's t test. There were no significant differences 
between these measurements. 
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Figure 1 (a) Sacrum. Original recordings of the skin blood 
cell flux, as a function of time, during the post-occlusive 
reactive hyperaemia response in the skin over the sacrum. 
The recordings are from a healthy younger subject (upper), 
an elderly subject (middle), and a spinal cord injured 
subject (SCI, lower) without distinct flowmotion on the 
recording. In the SCI subject two large spasms occurred. 
(b) Gluteus muscle. Original recordings of the skin blood 
cell flux, as a function of time, during the post-occlusive 
reactive hyperaemia response in the skin over the gluteus 
muscle. The recordings are from a healthy younger subject 
(upper), an elderly subject (middle), and a spinal cord 
injured subject (SCI, lower). In the SCI subject two small 
spasms occurred. An interference pattern in the flowmotion 
was evident in the healthy younger subject during the time 
interval 25-50 s 
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Figure 2 The power of the flowmotion (mean ± SE) in the 
skin over the sacrum (upper) and the gluteus muscle 
(lower) during four time windows (resting conditions: 
RF, and post-occlusive reactive hyperaemia: Tl, T2, T3). 
Healthy younger subjects (Gl), elderly subjects (G2), spinal 
cord injured subjects (SCI , G3), and two SCI subgroups 
(one with (G4) and one without (G5) distinct flowmotion 
on the original recordings) were evaluated 

The study was approved by the ethical committee of 
the hospital, and all subjects gave their prior informed 
consent. 

Results 

The results obtained with the PSLE method have been 
analyzed and values of power and center frequency 
(mean, ±SE, P values) are shown in Table 1 and 
Table 2, respectively. In G2 the two categories of 
elderly subjects (living at home or permanently institu­
tionalized) were analyzed separately, but since no 
significant difference was found the results are reported 
for the whole group. In G3 the analyses were made in 
the SCI patients grouped by level of injury (thoracic vs 
cervical) and by presence or absence of sensation over 
the sacrum. No significant differences in power or 
center frequency were found. However, inspection of 
the original recordings revealed that some SCI subjects 
had a hardly perceivable flowmotion over the sacrum 
(Figure 1). Therefore, in a further analysis, the SCI 
subjects were divided into the following two subgroups. 

Subgroup 4 (G4) comprised 15 spinal cord injured 
subjects with distinct flowmotion over both areas, with 
a mean age of 36 years (range 21-53), and a BP of 

122/76 ± 3/2 mm Hg with a mBP of 91 ± 2 mm Hg. The 
spinal cord injury was at the C4-T12 level. 

Subgroup 5 (G5) comprised five spinal cord injured 
subjects without distinct flowmotion over the sacrum 
area, with a mean age of 44.5 years (range 36-53), 
and a BP of 104/65 ± 5/3 mm Hg with a mBP of 
78 ± 3 mm Hg. The spinal cord injury was at the C2-7 
level. 

The results for the SCI subjects are reported for 
both the whole group (G3) and for the two subgroups 
(G4 and G5). 

Power spectrum 
The power spectra for the flowmotion over the sacrum 
for groups Gl and G5 are presented as three-dimen­
sional graphs (Figure 3), showing the power distribu­
tion within the frequency range 0-18 cpm (0-0.3 Hz) 
during the four time windows (RF, Tl, T2, T3). The 
power during the first two time windows of the PRH 
response (T1, T2) is spread over 2-3 separated 
frequency bands. During the last time window (T3) the 
power seems to concentrate into a single band. In 
several cases similar spectral patterns were seen 
in the other groups, and also over the gluteus muscle. 
Most of the power was found in the frequency 
bands 5.4-6.6 cpm (0.09-0.11 Hz) and 7.8-9.0 cpm 
(0.13-0.15 Hz). During resting conditions (RF) the 
power was spread over several bands. The several 
contributing frequencies might be the cause for the 
interference pattern seen in the flowmotion on the 
original recordings (Figure 1b, upper part). 

The power 
The sacrum (Figure 2, Table 1) 
There was no significant difference in the power during 
resting conditions (RF) between the healthy younger 
(G1), the elderly (G2), the spinal cord injured (G3) 
groups, and subgroup G5. However, subgroup G4 
showed a significantly higher ( P  < 0.05) power com­
pared with Gl and G5. The power during all studied 
PRH time windows (Tl-T3) was significantly increased 
( P  < 0.05-0.001) compared with its value during rest­
ing conditions for groups G1, G2, and G5. However, 
for the group of SCI subjects (G3) and for the subgroup 
G4 the power increase was significant only during time 
window T2 and T3 respectively. 

The power during the PRH response showed a 
common pattern for all the groups (G1-G5), increasing 
from the first (Tl) to a maximum in the second (TI) 
and then decreasing to the last (T3) time window. The 
power variation during the PRH response only reached 
significance for G2 ( P  < 0.001) between time windows 
T2 and T3, and for the SCI groups ( P  < 0.05) between 
time windows T1 and T2. 

The gluteus muscle (Figure 2, Table 1) 
The power during resting conditions (RF) did not 
show any significant difference between any groups 
or subgroups. The power during all studied PRH 
time windows (T1-T3) was significantly increased 
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Table 1 Mean values ± SE of the power (AU2) of the skin flowmotion over the sacrum and the gluteus muscle 

Sacrum 

Group 1 
n = 10 

Group 2 
n =20 

Group 3 
n =20 

Group 4 
n = 15 

Group 5 
n=5 

RF 0.29 ± 0.08 0.21 ± 0.09 0.94 ± 0.39 1.25 ± 0.50 * 0.09 ± 0.05 

i ------------------------------------------------------------------------------------------------ * 

T1 

1'2 

(2) (3) 

2.84 ± 0.95 2.75 ± 0.78 

(3) (3) 

3.96 ± 1.25 3.81 ± 0.93 

1.48 ± 0.32 

i 
* 

(1) � 
2.67 ± 0.97 

1.77 ± 0.38 

i 
* 
� 

3.28 ± 1.20 

* 

(1) 

0.48 ± 0.22 

i 
* 

(1) � 
0.53 ± 0.26 

i ------------------------------------------------------------------------------------------------------------------------------------------ * 

i 
*** 

(2) (3) � (1) (1) 

T3 2.37 ± 0.61 1.60 ± 0.35 2.25 ± 0.79 2.93 ± 1.00 * 0.24 ± 0.05 

i ------------------------------------------------------------------------------------------------------------------------------------------- * 
Gluteus muscle 
RF 

T1 

1'2 

T3 

0.67 ± 0.35 

(3) 

8.30 ± 1.65 

(2) 

7.37 ± 2.93 

(1) 

4.53 ± 1.92 

0.36 ± 0.13 

(3) 

** 3.28 ± 0.92 

(3) 

* 2.17 ± 0.50 

i 
** 

(3) � 
1.87 ± 0.52 

0.93 ± 0.30 

(3) 

6.21 ± 1.66 

(3) 

6.94 ± 1.99 

i 
** 

(2) � 
4.27 ± 1.45 

1.08 ± 0.38 

(2) 

6.44 ± 2.16 

i 
* 

(3) � 
8.48 ± 2.58 

i 
*** 

(1) � 
4.78 ± 1.91 

0.46 ± 0.38 

(1) 

5.61 ± 2.36 

i 
* 

� 
2.65 ± 0.93 

2.73 ± 0.89 

Group 1: healthy subjects, group 2: elderly subjects, group 3: spinal cord injured subjects, group 4: spinal cord injured 
subjects with distinct flowmotion over the sacral area, group 5: spinal cord injured subjects without distinct flowmotion 
over the sacral area. Significance levels for PRH (T1, T2, T3) compared with resting conditions (RF) within a group: 
(1) P < 0.05, (2) P < 0.01, (3) P < 0.001. Significance levels within a group during PRH or between groups: * P < 0.05, 
** P < 0.01, *** P < 0.001. For abbreviations, see text 

(P < 0.05-0.001) compared with its value during rest­
ing conditions in all groups, except in subgroup G5. In 
this group a significant increase ( P  < 0.05) was found 
only during Tl. The maximum power was found during 
T1 in G1, G2, and G5, but during T2 in G3 and G4. 
The power for G2 was significantly lower during T1 
( P  < 0.01) and 'J12 ( P  < 0.05) compared with Gl. 

Comparison between the two skin areas 
During the PRH response, the pattern of power 
variation over the gluteus muscle differed from that 
over the sacrum, both for group G1 and G2, showing a 
monotonic power decrease from T1 to T3. By contrast, 
the SCI group (G3) showed the same power pattern 

over both skin areas, though the power over the gluteus 
muscle was significantly higher ( P  < 0.05-0.01) during 
T1 and T2. In subgroup G5, however, four of the five 
subjects showed a distinct flowmotion over the gluteus 
muscle in contrast to the sacrum, and the power pattern 
was also different compared with the sacrum area, with 
almost the same level during T2 and T3. 

Center frequency 
The sacrum (Table 2) 
During resting conditions (RF) the center frequency 
did not show any significant differences between the 
groups. During the whole PRH response the center 
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Table 2 Mean values ± SE of the center frequency (cpm) of the skin flowmotion over the sacrum and the gluteus muscle 

Group 1 Group 2 Group 3 Group 4 Group 5 
n = 10 n = 20 n = 20 n = 15 n = 5  

Sacrum 
RF 10.8 ± 1.3 9.5 ± 0.8 9.3 ± 0.6 9.6 ± 0.7 8.4 ± 0.6 

(1 ) 

Tl 8.7 ± 0.7 7.6 ± 0.3 8.5 ± 0.4 8.8 ± 0.4 7.3 ± 0.9 

T2 9.3 ± 0.8 * 7.9 ± 0.3 8.3 ± 0.5 8.3 ± 0.6 8.3 ± 0.6 

T3 8.6 ± 0.5 8.2 ± 0.3 8.8 ± 0.5 8.6 ± 0.7 9.1 ± 0.2 

Gluteus muscle 
RF 8.8 ± 1.0 10.3 ± 1.0 9.3 ± 0.5 9.7 ± 0.7 8.1 ± 0.7 

(2) (2) (1) (2) 

T1 7.8 ± 0.4 7.2 ± 0.4 7.4 ± 0.5 8.0 ± 0.6 6.0 ± 0.7 

i ------------------------------------------------------------------------------------------ * 
** 
� (1) (2) (2) 

T2 8.4 ± 0.5 7.5 ± 0.3 7.5 ± 0.2 7.5 ± 0.2 

i ---------------------------------------------------- * 
7.2 ± 0.4 

i 
* 

(1) (1) (1) � 
T3 8.5 ± 0.7 7.8 ± 0.3 8.2 ± 0.4 8.4 ± 0.5 7.6 ± 0.4 

Group 1: healthy subjects, group 2: elderly subjects, group 3: spinal cord injured subjects, group 4: spinal cord injured 
subjects with distinct flowmotion over the sacral area, group 5: spinal cord injured subjects without distinct flowmotion 
over the sacral area. Significance levels for PRH (Tl, T2, T3) compared with resting conditions (RF) within a group: 
(1) P < 0.05, (2) P < 0.01. Significance levels within a group during PRH or between groups: * P < 0.05, ** P < 0.01. For 
abbreviations, see text 

frequency was lower compared with resting conditions 
for all groups, except for G5 during T3. However, this 
center frequency decrease was significant ( P  < 0.05) 
only for group G2 during n. Between the PRH time 
windows (Tl-T3) the center frequency did not change 
significantly for any group. The elderly subjects in 
group G2 showed a lower center frequency during the 
first two windows of the PRH compared with G 1 and 
the difference was significant ( P  < 0.05) during T2. 

The gluteus muscle (Table 2) 
During resting conditions (RF) the center frequency 
did not show any significant differences between the 
groups. During the whole PRH response the center 
frequency was lower compared with resting conditions 
for all groups. This center frequency decrease was 
significant ( P  < 0.01-0.05) during all time windows for 
G2, G3, and G4. For subgroup G5 this decrease was 
significant ( P  < 0.01) during Tl. Between the PRH 
time windows (Tl-T3) the only significant change of 
the center frequency was an increase in Gl ( P  < 0.01) 
between Tl and T2, and an increase in G5 ( P  < 0.05) 
between T2 and T3. For subgroup G5 the center 
frequency during time window Tl was significantly 
lower (P < 0.05) than for Gl. 

Comparison between the two skin areas 
Comparing the center frequencies of each time window 
in the sacrum and the gluteus muscle areas, it was seen 
that during the whole PRH response studied the center 
frequency for the gluteus muscle seemed to be lower in 
all groups. This difference was most pronounced during 
time window T3 in G5 ( P  < 0.05). 

Comparison of center frequency and dominant 
frequency 
During resting conditions the manually calculated 
dominant frequency for the sacrum area fell between 
6.9-7.5 cpm in all groups except in subgroup G5. The 
center frequency calculated from the PSLE data 
was significantly higher (8.4-10.8 cpm, P < 0.05-0.01) 
than the dominant frequency in all groups, except in 
subgroup G5. The average center frequency during the 
PRH response for the sacrum area was significantly 
higher (8.0-8.9 cpm, P < 0.05-0.01) than the domi­
nant frequency (7.0-7.5 cpm) in all groups, except 
in Gl. 

For the gluteus muscle the dominant frequency 
during resting conditions fell between 6.3 and 7.0 cpm 
in all groups. The center frequency values were 
significantly higher (8.1-10.3 cpm, P < 0.01-0.001) in 
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Figure 3 Power spectra for the flowmotion in the skin over the sacrum during four time windows (resting conditions: RF, 
and post-occlusive reactive hyperaemia: Tl, T2, T3) for the healthy younger subjects (group 1, upper) and the spinal cord 
injured subjects without distinct flowmotion on the original recordings (group 5, lower) 

groups G2, G3, and G4. For the PRH response both 
methods gave values within the frequency range 
6.9-8.4 cpm. A significant difference (P < 0.05) was 
only found for group G3. 

Arterial blood pressure 
The systemic blood pressure was significantly higher 
in G2 (P < 0.01) compared with G1. The systolic BP 
(sBP) in G3 was significantly lower (P < 0.05) com­
pared with G 1. However, the subjects in G5 showed 
the lowest blood pressure, both compared with G1 
(sBP: P < 0.01; dBP: NS; mBP: P < 0.01) and with G4 
(sBP: P < 0.001; dBP: P < 0.01; mBP: P < 0.01). 

Discussion 

In the present study, all SBF recordings exhibited both 
pulsatile oscillations related to the cardiac rhythm and 
rhythmic oscillations, identified as flowmotion. The 
latter were present over both skin areas in 90% of all 
cases, but were hardly perceivable over the sacrum area 
in 10% (subgroup G5). Del Guercio et al19 found that 

vasomotion of patients with leg arteriopathies was 
pronounced in only 35% of the cases, slightly evident in 
15%, but altogether absent in the remaining cases. 

The center frequency, based on the PSLE data, fell 
in the range of 6.9-10.8 cpm both during resting 
conditions and PRH. Frequency values from human 
nailfold capillaries have been reported to fall in the 
interval 5-10 cpm,20 and capillary flow velocity vari­
ations were found to be synchronous with the vaso­
motion activity of terminal arterioles in animal prepara­
tions.8 

Manual evalution of the flowmotion pattern on our 
original recordings, except for the sacral area in G5, 
showed dominant frequencies in the range 6.3-8.4 cpm 
for the two areas, both during resting conditions and 
PRH response. For the five SCI subjects in G5, the 
flowmotion activity was hardly perceivable on the 
original recordings over the sacrum (Figure la, lower 
part). However, this subgroup (G5) was also investi­
gated with the PSLE method, and a center frequency 
was found within the same range as for the other 
groups. This information would not have been found 
with a manual evaluation. Comparing the center 
frequency with the manually evaluated dominant fre-
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quency, we noticed that the center frequencies were 
generally higher for all groups and areas, but within the 
normal range. The PSLE appears to be a more sensitive 
method for evaluation of flowmotion frequencies than 
the manual peak-counting method. In some of the SCI 
subjects frequent muscular spasms were registered by 
the laser Doppler during the investigation (Figure la, 
lower part). These spasms are known to be a potent 
stimulus for vasoconstriction,21 and they may contri­
bute to difficulties in the manual evaluation of flow­
motion properties. 

For each group of subjects, a separate power 
spectrum was computed for all time windows under 
consideration (RF, Tl-T3; Figure 3). During RF, the 
power was spread over a wider range of frequencies 
than during the PRH response, where the flowmotion 
frequencies became concentrated into two-three sep­
arated frequency bands. A possible explanation for this 
difference is that the recorded flowmotion activity 
during RF resulted from contributions by several 
pacemakers at separate sites, normally oscillating with 
different frequencies. However, the provocation by 
the arterial occlusion caused an increased strength of 
the oscillations, with a concomitant synchronization of 
the frequencies of neighbouring pacemakers. The few 
separated frequency bands might be the cause for the 
interference pattern in the flowmotion which was 
evident on direct observation of the records (Figure lb, 
upper part). The activities of some local vasomotor 
oscillators with different frequencies might combine in 
an additive way during part of the time interval, 
creating a strong flowmotion signal. During other parts 
these activities might combine in a counteracting way, 
resulting in a weak flowmotion signal. After a while, 
the frequencies seemingly became more synchronized 
and merged into a narrow single band. This resulted in 
a very regular flowmotion oscillation, clearly demon­
strated in G 1 during the last time window (T3, Figure 3, 
upper part). 

During the return of skin blood flow in the PRH 
response (Tl-T3) the flowmotion amplitudes success­
ively increased in all groups compared with their resting 
values (Figure 2), with a maximum power after 2S-S0 s 
for the sacrum and after O-SO s for the gluteus muscle 
area. Thereafter the oscillations became progressively 
damped. Slaaf et al 22 studied arteriolar vasomotion in 
the rabbit tenuissimus muscle and found that vaso­
motion disappeared during the first minutes of PRH. 
On the other hand, Wilkin23 measured post-occlusive 
reactive hyperaemia response of the skin on the 
forearm in younger subjects, and he reported that the 
oscillation amplitudes reached maximum 30 s after 
release of the occlusion, which coincides with the 
findings in the present study. 

The SCI subjects in this study were at least 1 year 
post-injury and they had a previous anamnesis of 
ulceration. When the flowmotion power in the sacrum 
area for the SCI subgroups was compared with G 1, the 
two subgroups showed opposite behaviours. During 
resting conditions GS had a very low flowmotion 
strength, but G4 had a significantly higher. Previously 

it was found that the sympathetic outflow from the 
chronically decentralized spinal cord usually was 
weaker than when supraspinal connections are intact,24 
and it has also been found that mal spinal lesions 
regarded as complete in fact are n!Jt. 2 The regulation 
of the cutaneous blood flow is complicated and the 
majority of blood vessels are believed to be controlled 
by the autonomic nervous system which includes both 
sympathetic vasoconstrictor and vasodilatory inputs. A 
disturbed balance between these two controls may 
explain the difference in flowmotion power between 
G4 and GS, and may be a sign of disturbed autonomic 
nervous function in the sacrum area. Cochrane et al26 
found that patients with neuropathic feet and severe 
problems with ulceration showed reduced blood cell 
flux and little evidence of vasomotor control. Loss of 
neurogenic control leads to disturbances in the flow 
pressure regulation which affect the skin circulation.27 
In the absence of vasomotion, a reduced venular flow 
might lead to an increased venous resistance and 
thereby serve to elevate the capillary pressure28 and to 
a decreased outflow as well. This would cause an 
accumulation of metabolic waste products, and may be 
a contributing factor in the mechanisms leading to skin 
ischaemia. 

Subgroup GS showed the lowest arterial blood 
pressure of all groups, and the low blood pressure 
corresponded to very low flowmotion power. In a study 
of blood pressure in human nailfold capillaries, Mahler 
et az29 found that increased blood pressure was accom­
panied by increased blood flow, and vice versa. A low 
systolic blood pressure has been re�orted in patients 
with pressure sores, both in SCI3 and in elderly7 
patients. 

The flowmotion power in the elderly subjects exhi­
bited the same pattern as in the healthy younger 
subjects, however, with a slightly lower power. This 
difference was significant over the muscle. Evaluation 
of flowmotion during resting conditions showed similar 
center frequencies for the elderly (G2), the healthy 
younger (Gl), and the spinal cord injured (G3) 
subjects. During the PRH a generally lower frequency 
was found in G2 over the sacrum area compared with 
the other groups. 

A decreased frequency of arterial flowmotion in 
some elderly patients has been reported5 and a dimin­
ished reactive hyperaemia response was previously 
found in elderly patients.4 Ageing of the skin involves 
loss of vasculature and a variety of dystrophic forms, 
characterized by increased length of the blood vessels, 
causing them to curve abnormally and to dilate. Dilated 
subpapillary vessels in the aged is usually associated 
with loss of papillary vessels,3! which alters the skin 
vascular architecture and may influence its physio­
logical behaviour. A disturbed flowmotion activity will 
probably affect the distribution of blood flow within the 
nutritive capillary network and might contribute to low 
perfusion of the sacrum area. 

In conclusion, the persistence of external pressure 
against a bony prominence is the main cause of tissue 
damage leading to ischaemia and occurrence of pres-



sure sores. The risk for development of damage 
depends on whether the patient has changes in the skin 
and skin microcirculation due to the ageing process, or 
to disturbances in the nervous regulation from a spinal 
cord injury. The present study shows that 

(1) Flowmotion (vasomotion) is present in the skin 
over the sacrum and the gluteus muscle of elderly, 
SCI, and healthy younger individuals, and its 
frequency corresponds to what has previously been 
reported for the activity of terminal arterioles in 
both animal and human studies. 

(2) The flowmotion activity is increased during the 
initial PRH response and the vasomotor oscilla­
tions are split into several separated frequency 
bands, which can create interference patterns 
where the flowmotion signal temporarily almost 
vanishes. These oscillations later tend to merge 
into a single band. 

(3) Disturbances in flow motion power over the sacrum 
appeared in some SCI patients, who showed an 
extremely low power, but with frequencies similar 
to the other groups. These disturbances might 
indicate that the flowmotion frequency of the 
pre-capillary arterial microcirculation remains un­
affected by denervation and is locally driven, but 
that the flowmotion power is centrally mediated. A 
weak flowmotion signal might be a sign of a 
disturbed nervous regulation which has a pro­
nounced influence on capillary perfusion, causing a 
reduced transport from the arterial network into 
the venous and lymphatic systems. These disturb­
ances might be involved in the mechanisms leading 
to pressure sore formation in the sacrum area. 

(4) The presented new method for evaluation of 
flowmotion patterns makes it possible to perform 
statistical comparisons of two spectral properties 
between different groups and time windows. 
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Appendix 1: quantitative mathematical 
description 

Data preparation. 
Each original SBF recording was first prepared by manually 
filtering out the ripple caused by the heart beats. This 
smoothed curve was then digitized with an ultrasonic trans­
mitter-receiver system (Grafbar GP-7, Science Accessories 
Co, Southport, Connecticut), where each recording was 
manually traced. Since the tracing of the curve could not be 
performed at a constant speed, this operation gave a series 
of data points which were not equidistant along the curve's 
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time axis. A new series of data points (samples: Xl, X2, • . .  , 
X n, • . .  , XN), evenly spaced along the curve's time axis, was 
calculated using the Spline method. 32 

The sample points were taken with the time separation 
I1t = 0.5 s. Thus, each 25 s long segment of the original 
recordings contained N = 50 samples. 

The Prony spectral line estimation (PSLE) analysis 
The PSLE method was used to obtain a set of sinusoids 
characterized by frequencies, amplitudes, and phases such 
that their sum approximately reproduced the original re­
cording. The approximation function is given by 

p 
y(t) = 2: Am cos (2rrf mt + 8m) (1) 

m=l 
where p is the number of sinusoids. The parameters A m, 
fm, 8m, and p are evaluated so that the values of the 
approximation function at the sampling times, ie 
YII = y(nl1t) for n = 1, 2, . . .  , N, minimize the differences 
Xn - Yn' The method of minimization is described by Meyer 
et alY Due to the nature of the PSLE algorithm, it is 
desirable that the long-time average of the input data is 
removed. This was accomplished by applying a moving 
average filter to the data set and subtracting the result from 
the original record. The PSLE method thus gives discrete 
frequencies, fn" which are not necessarily harmonically 
related. The highest frequency in the sum must be lower 
than half the sampling rate, ie less than 1/211t = 1. 0 Hz, in 
order to satisfy the Nyquist criterion. 33 In order to distin­
guish between record segments belonging to different sub­
jects within a group, the parameters in Eqn (1) are given an 
index k which identifies the subject. Thus k = 1, 2, ... , M, 
where M is the number of subjects in the group under 
study. Each flowmotion segment of an individual recording 
can be treated as a sample of a random process for the time 
window under consideration. Therefore, the parameters 
Am" fmk' 8m" and Pk are random variables. A process of 
this type is usually described in terms of its power spec­
trum, 33 which is defined below. 

Power spectrum 
First the frequencies fm' of the sinusoids in Eqn (1) are 
grouped into adjacent, non-overlapping classes of equal size 
11f. The classes are numbered 1, 2, . . .  , j, ... , J. In this 
study the number of classes was chosen to J = 50 and the 
width of the class interval was chosen to I1f = 0. 01 Hz. The 
midpoint of the jth class is defined as 

h=(j-�)l1f, j=l, ... , J. (2) 

Then, for every segment k, the sinusoids with frequencies 
fm' within the interval 

(j -l)l1f < fmk < jl1f, j = 1, ... , J (3) 

are used for computation of the power in each class j, 
defined as 

j = 1, . .. , J. (4) 

This power is considered to be carried by the midpoint 
frequency h defined in Eqn (2). Now, using the results 
from Eqn (4) for the group of subjects under consideration, 
the power for each class j is computed as the mean value 

1 M P(fi) = -2: Pk(!i) , j = 1, . . . , J. (5) 
M k=! 
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Finally, the power spectrum for the group is defined as the 
set 

{pet)}, j = 1, . .. , J. (6) 

The power spectrum is thus the collection of the powers in 
all the frequency classes. In order to get a simple graphical 
visualization of the power spectrum, a new function P(f) is 
introduced by the identity { f

.

o

_

r (j -1)fj.f < f < jfj.f 
P(f) == P(t) , J - 1, . . .  , J. 

(7) 

In this the way power spectra have been presented in 
Figure 3 in the results section of this study. 

The power 
In order to make possible statistical comparisons of power 
spectra belonging to different time windows or groups, two 
characteristic features of the separate record segments are 
now defined. 

The first characteristic feature is the power Pk for the kth 
segment, defined in either of the two equivalent forms as 1 #1 Pk(fj) (8a) 

Pk = p, 
� � A�,. (8b) 

mk=l 
According to Eqn (8a) it can be interpreted as the sum of 
the powers in all the classes, but Eqn (8b) shows that it can 
also be computed directly, using all the amplitudes in the 
Prony sum in Eqn (1). Now, using the results of Eqn (8) 
for the group of subjects under consideration, the power P 
can be computed as the mean value 

1 M P = -�Pk' (9) 
M k=! 

Combining Eqns (5), (8a), and (9),  it can be shown that the 
power P also can be written as 

J 
P = �P(t). (10) 

j=! 
P is thus identical to the sum of the powers in all classes of 
the power spectrum, and it is therefore proportional to the 
area under the graph P(f) defined by Eqn 7. This property 
of P makes it possible to interpretate the power spectrum 
as a specification of how the power P is distributed along 
the frequency axis. 

The center frequency 
The second characteristic feature is the center frequency for 
the kth segment defined as 

1 p, 
!ck = - ' � � fmkA�,. (11) 

Pk m,=! 
It can be interpreted as the 'center of gravity'-frequency for 
the power Pk• Now, using the results from Eqn (11) for the 
group of subjects under consideration, the center frequency 
can be computed as the mean value 

1 M 
!c = -� !ck. (12) 

M k=! 
It is related to the 'center of gravity' -frequency of the graph 
P(f) for the power spectrum. 
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